We investigate antireflection (AR) coating materials for two different operation lasing regimes requiring broad spectral bandwidth. We characterize high-power continuous-wave (CW) wavelength-tunable vertical-externalcavity surface-emitting semiconductor lasers and their passive mode-locking capabilities when using semiconductor saturable absorber mirrors. One laser gain design was investigated with different single dielectric layers as AR coatings. The dielectric coating materials used were SiO 2 , Al 2 O 3 , Ta 2 O 5 , and TiO 2 . The AR coating was designed to reduce pump reflection and increase the confinement factor of the microcavity. Average power of 4.6 W in CW and a total wavelength tuning range of 42 nm has been observed with the SiO 2 -coated structure. The shortest pulse of 708 fs was also observed for the SiO 2 -coated structure, with a corresponding CW wavelength tuning range of 36 nm.
INTRODUCTION
The broad intrinsic gain bandwidth of optically pumped surface-emitting semiconductor laser chips is of interest for ultrashort pulse generation, as well as for wavelength-tunable narrowband emission. In passively mode-locked operation, vertical-external-cavity surface-emitting lasers (VECSELs) [1] incorporating semiconductor saturable absorber mirrors (SESAMs) [2] have achieved pulse durations down to 60 fs in trains of pulses and around 100 fs in single-pulse operation [3, 4] with an average power of 100 mW. The disk laser geometry is also suitable for high-power operation, with a current record of more than 100 W CW at 1 μm emitted by a single optically pumped InGaAs/GaAs quantum well gain chip on a diamond submount [5] . SESAM mode-locking (ML) of structures of this type has allowed average power of up to 5.1 W [6] , and peak power of up to 4.35 kW [7] to be achieved, but with longer pulse durations of 400 fs or more. Wavelength-tunable operation of narrowband continuous-wave (CW) VECSEL has been demonstrated, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Etalons have been primarily used in ML-VECSELs, and they are preferable as they can be thinner than birefringent filters (BRFs). Therefore, they do not introduce high dispersion in the cavity [17, 18] . It is challenging to design gain chips that simultaneously fulfill the requirements for high power and broad gain bandwidth, whether in ultrashort pulse or tunable narrowband operation. Efficient pump absorption and high gain are achieved by using many quantum wells and a thick pump-absorbing barrier region in a resonant periodic gain configuration, with resonant enhancement. However, this design that leads to high gain also leads to narrowband filtering of the effective gain spectrum, which limits bandwidth and therefore tunability range. Different innovative schemes have been investigated to increase the tunability range of VECSELs, a two-chip gain cavity in Ref. [8] , quantum well (QW) thickness variation in the gain chip in Ref. [9] , Fabry-Perot design with two resonant wavelengths [15] , and parametric optimization of the layer thicknesses to produce a spectrally broadened confinement factor [16] . Another route to increasing tunability range involves membrane external cavity surface-emitting lasers (MECSELs) that do not have a distributed Bragg reflector (DBR), which results in a much-weakened microcavity effect [14] . Mode locking a laser that combines high output power and short pulses has similar challenges with developing a powerful tunable laser. The combination of the Watt-level average power and sub-200-fs pulse regime has not so far been achieved. At the heart of this challenge lie the above-mentioned characteristics of the gain spectrum of VECSEL structures, and several methods have been developed to characterize the gain spectrum [19] [20] [21] [22] .
Here we characterize laser performance both in the CW and mode-locked regime by altering the confinement factor of the microcavity by changing a single dielectric overlayer. This is a study of a simple yet flexible approach to the design of broadband gain chips, compatible with substrate removal for thermal management. A single dielectric overlayer is used to control coupling of pump light, penetration of the laser mode into the gain structure, and spectral filtering. Single-layer coatings of four different dielectric materials have been applied to thermally managed chips of the same InGaAs/GaAs quantum well gain structure. The refractive indices of the materials varied from 1.49 to 2.35. For each chip, we characterize both the tuning range in narrowband CW operation and the ultrashort pulse duration and spectrum in mode-locked operation. We achieve a 42 nm tuning range in CW wavelength tuning with 4.6 W average power and 708 fs in the mode-locked regime with 1.3 W of output power. In both the CW and mode-locked regimes, we achieve broadband operation without sacrificing power. We show that the results in the two regimes are in agreement, and one simple architecture can be adapted for good performance in contrasted dynamical regimes.
RESULTS
The semiconductor gain structure was grown by a solidsource molecular beam epitaxy (MBE) on a (100)-oriented GaAs substrate. The structures consisted of a DBR, a resonant periodic gain region with seven InGaAs quantum wells, and the substrate. For the DBR, an alternating stack of 28Al 0.15 Ga 0.85 As∕AlAs pairs was chosen. With this material configuration and a Ti/Au metalization, the DBR provides high reflectivity for the emission wavelength (>99.9%) and is near nonabsorbing for the pump wavelength (808 nm), providing resonant gain condition. For improved thermal management, the semiconductor structures were grown in reverse order, indium-soldered to a 300-μm-thick chemical vapor deposition (CVD) diamond heat spreader, and the substrate was subsequently removed by chemical wet etching.
The semiconductor structures were AR-coated for the pump wavelength to increase the pump absorption and overall efficiency. Four dielectric materials were used as coating material, SiO 2 , Al 2 O 3 , Ta 2 O 5 , and TiO 2 , with respective refractive indices of 1.49, 1.67, 2.07, and 2.35 and respective thicknesses of 135, 122, 96, and 85 nm. Further details for the semiconductor structure design and processing can be found in Ref. [10] . The respective calculated jE-fieldj 2 intensities at the QWs for each AR-coated structure are shown in Fig. 1(a) . The lower the refractive index of the AR coating, the more the design shifted from a resonant enhancement at the original design wavelength of 1040 nm, down to an enhancement peak at shorter wavelengths down to 1020 nm.
The laser cavity for the CW-tuning experiment was a straight cavity formed by the DBR and an output coupler (OC), with a radius of curvature (RoC) of 150 mm and a transmission of 1%. The separation between the gain structure and the OC was 140 mm. The gain chips were mounted on a Research Article temperature-controlled heat sink, held at 18°C, and were optically pumped at an angle of 23°to the normal and with a pump spot size of 490 × 470 μm 2 with 21.8 W. The measured pump reflection was between 5-8%. A 2-mm-thick BRF was placed inside the cavity at Brewster's angle to suppress the TE polarization. By rotating the BRF and without any other cavity adjustments, it was possible to tune the emission wavelength [8] . The resulting average output powers over the tuning range for each of the four different AR-coated gain structures are shown in Fig. 1(b) and summarized in Table 1 .
The observed tuning range decreased with increasing refractive index of the AR coating material, with a full width at halfmaximum (FWHM) tuning range of 36 nm down to 27 nm for the lowest and highest refractive index material, respectively. This trend was expected from the jE-fieldj 2 calculations shown in Fig. 1(a) . The only sample that did not follow this trend was the Ta 2 O 5 -coated sample, which had the second largest tuning range. Furthermore, it appears that the maximum output power also increased with decreasing refractive index, which is in contrast to the jE-fieldj 2 calculations, where one would expect higher maximum output powers from a higher refractive index material, which has a more resonant field enhancement. The jE-fieldj 2 calculations, however, do not take into account the intrinsic QW gain spectrum. The TiO 2 -coated sample, with the highest refractive index, followed the expected trend and exhibited the highest peak power and lowest tuning bandwidth.
Following the wavelength tuning experiment, the samples have been investigated for their passively mode-locked performance. To passively mode lock the gain structures, a fast surfacerecombination SESAM was used. It consists of a DBR, a spacer layer, a single InGaAs-QW, and a 2 nm GaAs capping layer.
A detailed description of surface-recombination SESAMs for passive ML with VECSELs can be found in Ref. [1] , and the specific SESAM design is described and used in Ref. [7] .
The cavity geometry used for the ML experiment was a V-cavity, as shown in Fig. 2 , formed by an OC with 100 mm RoC and 1.45% transmission, the optically pumped gain structure, and the SESAM. The distance between the OC and the gain structure, and the gain and the SESAM, were 68 mm and 31 mm, respectively. The pump laser delivered up to 28.4 W with an emission wavelength of 808 nm, and the pump spot radius on the gain sample was 180 μm. Both the gain sample and SESAM were mounted on Peltier temperature-controlled water-cooled copper heat sinks, where the temperatures of the heat sinks were kept at 15°C and −20°C, for the gain sample and SESAM, respectively. The cooling of the SESAM to −20°C was necessary to increase the obtainable average power.
All four samples exhibited stable ML; the spectra are shown in Fig. 1(c) , and the autocorrelations in Fig. 3 . The pulse durations and average powers are summarized in Table 2 . The sample coated with SiO 2 exhibited the shortest pulse duration of 708 fs, and the observed pulse durations increased up to 1.63 ps for the TiO 2 -coated sample, following the expected trend with increasing refractive index. If we compare these results to the CW tuning results in Table 1 , it can be seen that pulse durations achieved for the samples with a broader FWHM tuning range tend to generate shorter pulse durations. However, none of the pulses were transform-limited, ranging from 1.9 to 6.8 times the transform limit, increasing with the refractive index. We have so far not accounted for the group delay dispersion (GDD), which can have a significant impact on the chirp of the generated pulse [23] . The GDD calculations for the four different structures are shown in Fig. 1(d) , where it can be seen that with increasing the refractive index of the AR coating, the GDD increases too. The high positive GDD of almost 2000 fs 2 for the TiO 2 -coated sample is likely to cause the high time-bandwidth product. The GDD of the SESAM is calculated to be close to zero and becomes comparatively negligible as the pulse will pass twice through the gain and only once through the SESAM.
The average power during ML ranged from 1300 to 460 mW for the four structures where the mode-locked average power was higher for the structures with a lower refractive index of the AR coating. This is again opposite to what one would expect from the jE-fieldj 2 calculations. However, the observed trend is consistent with the measured maximum average powers of the CW tuning experiment, but significantly more pronounced. In the work of Mangold et al. [21] , a 25 nm and 30 nm FWHM of the unsaturated gain spectrum gave 780 fs and 625 fs pulse durations, respectively. In comparison, the 36 nm FWHM CW tuning bandwidth structure that we achieve here with the silica coating should produce shorter pulses, if dispersion compensation is used.
CONCLUSIONS
In summary, we presented CW tuning ranges at the multiwatt average power level with a total tuning range of up to 42 nm with the SiO 2 -coated structure. Furthermore, we have investigated high-efficiency high-power broadly wavelengthtunable AR-coated gain structures and their suitability for passive ML performance. Broader CW tuning bandwidths were corresponding to shorter pulse durations; the shortest pulse generated was 708 fs with 1.3 W average power with the SiO 2 -coated structure, which also exhibited the broadest tuning width. However, all pulses had a transform limit of >1.9; thus, shorter pulse durations of broadly wavelengthtunable AR-coated gain structures should be possible with correct dispersion management. We show that CW wavelength tuning performance could be used as a predictor of performance for mode-locked operation, which may further help to drive sample designs towards the watt-level, sub-200-fs pulse duration regime.
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